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The direct conversion of somatic cells to neurons by
bypassing the multipotent cell state may be a power-
ful approach for personalized medicine. In addition
to neuronal transcription factors and multiple small
molecules, we find that epigenetic modification also
contributes to the direct conversion of fibroblasts
to neurons. Here, we show that Tet3, a DNA dioxyge-
nase, can rapidly and efficiently convert fibroblasts
directly into functional neurons. The induced neu-
rons (iNs) express pan and mature neuronal markers
such as Tuj1, Synapsin, and neuronal nuclei (NeuN).
Gene expression profiles demonstrate distinct neu-
ron-specific gene clusters in iNs compared with pri-
mary neurons. Induced neurons display maturing
firing patterns and form functional synapses. Addi-
tionally, we observe that the level of 5hmC in iNs
gradually increases during the time course of trans-
differentiation. These findings suggest that DNA
demethylation may regulate direct lineage commit-
ment, representing an avenue for investigating the
process of transdifferentiation.
INTRODUCTION
Since the first study of the direct conversion of fibroblasts to
neurons (Vierbuchen et al., 2010), many approaches have been
reported (Buganim et al., 2013; Feng et al., 2009; Vierbuchen
and Wernig, 2012). In addition to the combination of multiple
transcription factors (TFs), even single factors are able to convert
somatic cells to neurons (Ring et al., 2012). Recent emerging
studies (Hu et al., 2015; Li et al., 2015b) on small-molecule-
driven direct transdifferentiation have made such single-factor
conversions possible. Here we propose a novel method for
epigenetic modification that allows rapid and efficient direct
conversion.2326 Cell Reports 17, 2326–2339, November 22, 2016 ª 2016 The A
This is an open access article under the CC BY-NC-ND license (http://There are extensive studies on epigenetic modification by
DNA methyltransferase (Smith and Meissner, 2013). DNA
methylation exerts a profound influence on the stability of ge-
nomes, transcriptional processes, and development (Kohli and
Zhang, 2013). Ten-eleven translocation (Tet) family proteins
can oxidize 5-methylcytosine (5mC) to 5-hydroxymethylcytosine
(5hmC) to regulate DNA demethylation. The Tet family of en-
zymes contains a cluster of dioxygenases that can convert
5mC to 5hmC (Ito et al., 2010; He et al., 2011). By removing
the methyl of DNA bases, Tet proteins can modify gene expres-
sion. Previous studies have reported that the mammalian brain
possesses relatively abundant 5hmC and that the distribution
of 5hmC is correlated with neuron-specific gene expression in
the central nervous system (Kriaucionis and Heintz, 2009; Tahi-
liani et al., 2009; Melle´n et al., 2012). There are also reports sug-
gesting that epigeneticmodificationmediated by 5hmC is critical
in neurodevelopment (Szulwach et al., 2011). Thus, the genera-
tion of 5hmC may act as a pivotal role in neuronal differentiation
modified by epigenetics (Zhu et al., 2016).
Previous studies have reported that oxidation of 5mC medi-
ated by Tet3 contributes to genome-scale DNA demethylation
(Shen et al., 2014). DNA methylation conjugation with histone
modifications plays pivotal roles in gene silencing by remodeling
the chromatin structure (Hochedlinger and Plath, 2009; Kim
et al., 2009). Dynamic changes in DNA methylation may disturb
neuronal function. Remodeling of DNAmethylation-related chro-
matinmay contribute to neural plasticity (Bagci and Fisher, 2013;
Martinowich et al., 2003).
Primary neurons exhibit extensive DNA demethylation (Yu
et al., 2015). The Tet family proteins, well known for their func-
tional roles in DNA demethylation (Toyoda et al., 2014), have
been reported during somatic cell reprogramming and gene
expression regulation (Gao et al., 2013; Gu et al., 2011; Yu
et al., 2015). As a key role in demethylation, we sought to deter-
mine the role of Tet family proteins in the direct conversion of
fibroblasts to neurons.
According to previous studies (Bagci and Fisher, 2013; Li
et al., 2015a) and real-time qPCR analysis, we found that Tet3
expression levels were markedly upregulated in primary neuronsuthor(s).
creativecommons.org/licenses/by-nc-nd/4.0/).
and highly expressed in Ascl1, Brn2, Ngn2 (ABN)-induced neu-
rons (Meng et al., 2012; Shi et al., 2014) compared with Tet1
and Tet2 in primary neurons versusmouse embryonic fibroblasts
(MEFs). Therefore, we focused on the effect of Tet3 on the
conversion of MEFs to functional neurons. To address this ques-
tion, we utilized Tet3 in a direct conversion system by construct-
ing Tet3 into a non-integrated adenovirus vector and transfecting
it into MEFs. To our surprise, abundant Tuj1-positive cells
emerged among the MEFs infected by Tet3, whereas Tet3
knockdown (Tet3-KD) reduced the number of neuronal cells.
Furthermore, electrophysiological recordings indicated that the
MEF-derived neuronal cells had been endowed with functional
neuron properties, such as neuronal action potentials (APs),
spontaneous action potentials, and spontaneous post-synaptic
currents (PSCs).
Inspired by the promising capability of Tet3 in a direct con-
version system, we questioned what dominates transdifferentia-
tion during the direct conversion process of MEFs to neurons.
To further investigate the potential function of Tet3 in conver-
sion, we performed bisulfite sequencing PCR (BSP) and methyl-
ated/hydroxymethylated DNA immunoprecipitation sequencing
(MeDIP and hMeDIP sequencing, GSE88869), which were
used to detect the methylation and hydroxymethylation levels
in Tet3-induced neurons (iNs) versus primary neurons and
MEFs (Bhasin et al., 2015; Chen et al., 2015). Rare methylated
sites were found in the CpG islands of Tet3-induced neurons
and primary neurons, whereas numerous methylated CpG sites
were identified in MEFs.
We concluded that DNA demethylation mediated by Tet3 may
guide the direct conversion of mouse embryonic fibroblasts to
neurons.
RESULTS
Tet3 Efficiently and Rapidly ConvertsMouse Fibroblasts
into Neurons
DNA demethylation mediated by Tet family proteins has been
identified as a marker of epigenetic modification (Gao et al.,
2013; Shen et al., 2014; Wu and Zhang, 2011). A recent study
showed its functional role in reprogramming somatic cells into
induced pluripotent stem cells (iPSCs) (Hu et al., 2014). Another
study showed that post-mitotic neurons exhibit a wide range of
DNA demethylation (Yu et al., 2015).
To identify the role of the Tet family in neuronal cell fate deter-
mination, we first quantitated the expression dynamics of Tet
family members (Tet1, Tet2, and Tet3) in MEFs, primary neurons
(PNs), and ABN-induced neurons (ABN-iNs). Consistent with a
previous study (Yu et al., 2015), real-time qPCR analysis indi-
cated that the expression level of Tet3 was significantly more
upregulated than Tet1 and Tet2 in primary neurons (Figure 1B),
which suggested that Tet3 may play a role in the maintenance
of neurons.
To explore the role of Tet3 in neuronal transdifferentiation,
an adenovirus expressing Tet3 was employed to infect MEFs
from embryonic day (E) 13.5 Institute of Cancer Research (ICR)
mice following the experimental rationale (Figure 1A) and a dia-
gram of the iNs induction procedure (Figure S1A). MEFs were
examined by the fibroblast-specific marker Fibronectin 1 (FN1)(Figure S1B). Then, MEFs were checked by neuronal markers
to exclude contamination of neuronal cells (Tuj1-positive cells)
(Figure S1C), neural stem cells (Nestin- or Sox2-positive cells)
(Figures S1D and S1E), glial cells (glial fibrillary acidic protein
[GFAP]-positive cells) (Figure S1F), and oligodendrocytes (O4-
positive cells) (Figure S1G). Infected MEFs were cultured in
modified neuronal medium supplemented with 20 mM Forskolin
(FSK). 7 days post-infection (dpi), immunofluorescent staining
was performed. Among the Tet3-infected MEFs, 81.67% were
Tuj1-positive cells with typical neuronal morphology (Figures
1C and 1F) and were co-expressed with Map2 (Figures 1D and
1E). On the contrary, Tuj1-positive cells were rarely observed
in uninfected and GFP-infected MEFs (Figures S1C and S1H),
whereas the fibroblast marker FN1 was highly expressed in the
cells (Figure S1B). When Tet3 shRNA was added to the induced
system, it greatly inhibited the conversion of both Tet3-iNs and
ABN-iNs, indicating that Tet3 was required for the induction of
neurons from MEFs (Figures S1I–S1M).
To confirm this phenotype, we used Tau-GFP knockin mice,
which expressed GFP distinctly in neurons. After 7 dpi, the in-
fected MEFs exhibited Tau-GFP fluorescence and Tuj1-positive
signals with classic neuronal morphology (Figure 1G), whereas
uninfected MEFs did not show Tau-GFP-positive or Tuj1-posi-
tive cells.
To explore the specific genes expressed in the iNs, we per-
formed real-time qPCR and employed MEFs and PNs as nega-
tive and positive controls, respectively. We observed that the
neuron-specific genes gradually increased in the iNs (Figure 1H).
In addition, the fibroblast-specific genes exhibited a high ex-
pression level in MEFs and low expression in iNs (Figure 1I).
Therefore, Tet3 may play a role in converting MEFs to iNs.
Characterization of Tet3-Induced Neurons from MEFs
To further refine the treatment conditions of Tet3 and FSK, we
performed time course and dose-response tests during the con-
versionperiod.We found that single Tet3 or FSKcould not convert
fibroblasts to typical neuron-like cells. However, when Tet3 was
combinedwith FSK, Tuj1-positive cells with typical neuronal mor-
phologies appeared at 3 dpi, and the number of Tuj1-positive cells
rapidly increased at 7 dpi (Figure S2A). The conversion efficiency
of iNs also dependedon the concentration of the Tet3 adenovirus,
with an optimal virus titer at anMOI of 20 (Figure S2B). Also, as the
concentration of FSK increased, the number of iNs subsequently
increased to 50 mM (Figure S2C). To further confirm the role of
FSK in the induction system, we employed dibutyryl cyclic AMP
(db-cAMP) (an analog of cAMP) to imitate the role of FSK. The
result showed that db-cAMP could also assist with conversion in
the Tet3 induction system (Figure S2D).
Immunofluorescent staining showed that the Tet3-iNs ex-
pressed neuron-specific markers for Synapsin and neuronal
nuclei (NeuN) at 14 dpi (Figures 2A and 2B). Gamma aminobuty-
ric acid (GABA) and GAD67, markers of inhibitory neurons, were
expressed in Tet3-iNs (Figures 2C and 2D). We also identified a
few vGlut1-positive cells in iNs (vGlut1 is an excitatory neuronal
marker)(Figure 2E). We also examined other neuronal markers,
such as tyrosine hydroxylase (TH), choline acetyltransferase
(ChAT), and HB9, but there were no positive signals in the
induced cells (Figures S3A–S3C).Cell Reports 17, 2326–2339, November 22, 2016 2327
Figure 1. Tet3 Induces MEFs to Neurons
(A) Experimental rationale: the isolation of MEFs and the induction procedure via Tet3. MEFs were isolated from E13.5 mice by removing the head, vertebral
column, dorsal root ganglion, and all of the visceral organs. Passage 2–4 cells were used for the induction procedure. Cells were plated before 1 day of infection.
The Tet3 induction system included three stages: virus infection, compound treatment, and neuronal medium maintenance. First, the pre-plated MEFs were
infectedwith the Tet3 virus for 8 hr and refreshedwith intermediatemedium (low-glucosemediumwith 5% fetal bovine serum [FBS]), whichwas repeated once on
the second day. Second, the infected cells were treated with 20 mMFSK for 4 days and refreshed neuronal medium every other day. Third, neuronal medium was
used to maintain the cells until the desired time point (3 days or 9 days or more).
(B) The mRNA expression levels of Tet family members (Tet1, Tet2, and Tet3). Real-time PCR was employed to quantify the expression levels of Tet1, Tet2, and
Tet3 in the MEFs, ABN-iNs, and PNs. The expression level of Tet3 in PNs was significantly higher than in the other cells (p < 0.001).
(C–E) Immunofluorescent staining of Tet3 7-dpi iNs. The 7-dpi iNs were stained with the neuronal markers Tuj1 (C, red) and Map2 (D, green), and the staining
revealed that the markers were co-localized (E, yellow).
(F) The conversion efficiency of the adenoviruses. MEFs were infected with a control vector (GFP) and the transcription factors ABN and Tet3. There were rarely
Tuj1-positive cells in the GFP-infected cells; 19.33% of the ABN-iNs were Tuj1-positive, and 81.67% of the Tet3-iNs were Tuj1-positive.
(G) The Tet3 adenovirus with noGFP converted Tau-GFPMEFs into green cells. The Tet3 adenovirus (without GFP expression) was used to infect Tau-GFPMEFs,
which showed no green signal until the cells were converted to neurons. Tuj1-positive cells were co-localized with Tet3-induced GFP-positive cells derived from
Tau-GFP mice.
(H) The mRNA expression levels of neuron-specific genes in iNs, PNs, and MEFs. The neuron-specific genes were detected and quantified via real-time PCR in
MEFs; Tet3 1-, 3-, 5-, and 7-dpi iNs; and PNs. All of the data were normalized by the PNs. As time went on, the neuron-specific genes in iNs gradually increased.
(I) The mRNA expression levels of fibroblast-specific genes in iNs, PNs, and MEFs. The fibroblast-specific genes were detected and quantified. All of the data
were normalized by the PNs. The fibroblast-specific genes in MEFs were significantly higher than in iNs and PNs.
All of the experiments were performed with at least three replicates. Values represents mean ± SEM. Student’s t test; *p < 0.05, **p < 0.01, ***p < 0.001. Scale bar
represents 50 mm.
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Figure 2. Tet3-iNs Exhibited the Properties of Mature Neurons Based on Neuron-Specific Markers
(A) Immunofluorescent staining of iNs by Synapsin. The iNs of Tet3 14 dpi were stained with the neuron-specific markers Tuj1 (white) and Synapsin (red). The iNs
exhibited positive signals of Tuj1 and Synapsin, which were co-localized (merged). The inset shows the enlarged part of merged cells.
(B) Immunofluorescent staining of iNs by NeuN. The iNs of Tet3 14 dpi were stained with the neuron-specific markers Tuj1 (white) and NeuN (red). The iNs
exhibited positive signals of Tuj1 and NeuN, which were co-localized (merged). The inset shows the enlarged part of merged cells.
(C) Immunofluorescent staining of iNs by GABA. Most of the Tet3-induced neurons expressed the inhibitory neuronal marker GABA (red); they were co-localized
with Tuj1-positive cells (merged). The inset shows the enlarged part of merged cells.
(legend continued on next page)
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Figure 3. Electrophysiological Properties of
MEF-Derived iNs
(A) Representative traces of iNs whole-cell cur-
rents in voltage-clamp mode. The iNs were held at
70 mV, and step depolarization was delivered
from 80 to +80 mV at 10-mV intervals (bottom).
The inset at the top right shows a model of the
electrophysiological detection, and the inset at the
bottom left shows the Na+ currents.
(B) The Na+ currents of iNs were blocked by TTX.
When the iNs were treated with 1 mM TTX, the
channel of Na+ currents was blocked completely.
(C) Representative traces of membrane APs in
response to step depolarization via current injec-
tion (bottom). The membrane action potential was
current-clamped at approximately 65 mV.
(D) TTX blocked the membrane action potentials.
(E) Spontaneous action potentials were recorded
from 14-dpi iNs. There was no current injection
applied.
(F) TTX blocked the spontaneous action
potentials.
(G)Representative IPSCs recorded from14-dpi iNs.
(H) Bicuculline blocked the spontaneous PSCs.
All of the experiments were performed with least
three replicates.To further define whether iNs showed functional membrane
features, patch-clamp recordings were performed on iNs at
12–14 dpi. The majority of iNs displayed the expected electro-
physiological characteristics. The iNs were able to provoke
whole-cell currents (sodium and potassium currents) in voltage-
clampmode (Figure 3A), which could be blocked by tetrodotoxin
(TTX), a specific inhibitor of sodium ion channels (Figure 3B). In
addition, representative traces of membrane APs were detected
in iNs (Figure 3C) while blocked by TTX (Figure 3D).
The electrophysiological parameters were as follows: voltage-
gated potassium channel (Kv) current, 3.73 nA ± 0.34; voltage-
gated sodium channel (Nav) current, 3.4 nA ± 0.36; access
resistance (Ra), 15.1 MU ± 1.46; membrane input resistances
(Rin), 0.77 GU ± 0.028; AP amplitude, 102.12 mV ± 3.36; AP
threshold, 96.67 pA ± 4.71; resting membrane potential (RMP),
86 mV ± 2.04; and membrane capacitance (Cm), 37.85 pico-
farads (pF) ± 0.83.
Furthermore, spontaneous action potentials and inhibitory
spontaneous postsynaptic currents (IPSCs) were detected in(D) Immunofluorescent staining of iNs by GAD67. Most of the Tet3-induced neurons expressed the inhibitory neuronal marker GAD67 (red); they were c
localized with Tuj1-positive cells (merged).
(E) Immunofluorescent staining of iNs by vGlut1. Only a few vGlut1-positive cells (red) were detected in the iNs, which were co-localized with Tuj1-positive ce
(merged).
All of the experiments were performed with least three replicates. Scale bar represents 50 mm.















usmature iNs and could also be blocked by
TTX and bicuculline (Bic) (Figures 3E–3H).
Therefore, iNs exhibited mature neuronal
functions.
Next, we asked whether Tet3 converts
mouse postnatal fibroblasts to neurons.
The results showed that iNs were derivfrom postnatal fibroblasts and that the induced efficiency w
49.8% (Figure S4B). The iNs also expressed neuronal protei
and showed characteristics of electrophysiological functio
(Figures S4A–S4G). Furthermore, when iNs were co-cultur
with primary neurons, they exhibited the capability to build
functional connections with the primary neuronal network (Fi
ure S4H). Thus, we verified that Tet3 could convert MEFs a
postnatal fibroblasts to neurons. However, the conversi
efficiency in the postnatal fibroblasts was lower than in MEF
which indicated that the genomic printing was harder to chan
as the cells grew old. Live imaging showed the conversion pr
cess of fibroblasts to neurons (Figure S6).
Tet3 Rapidly and Globally Induces Transcriptional
Alteration
Because Tet3 can promote the conversion of fibroblasts
neurons rapidly and efficiently, we questioned what had be
changed during the process of transdifferentiation. To addre
this question, we performed gene expression profiling at varioo-
lls
Figure 4. Tet3 Induces Rapid and Global Transcriptional Alteration
(A) Heatmap representing the global expression profile data in MEFs and the time course of Tet3 post-infection. Red is an indicator of upregulated genes, and
green is an indicator of downregulated genes. Genes in the upper tier were successively increased in the cells in the following order: MEFs; 1-, 3-, 5-, and 7-dpi
iNs; and PNs. Genes in the middle tier decreased in the cells in the following order: MEFs; 1-, 3-, 5-, and 7-dpi iNs; and PNs. Genes in the low tier were rarely
constant, which indicated the variation tendency of reprogramming-related genes. In the 7-dpi iNs, 2,628 genes were significantly upregulated compared with
(legend continued on next page)
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time points of transdifferentiation to detect genome-wide tran-
scriptional changes (Figure 4A). MEFs that were treated with
the Tet3 adenovirus for various times were collected and profiled
at their given time points. Compared with MEFs, the repressed
genes were gradually upregulated as time progressed. The upre-
gulated genes in 7-dpi iNs was comparable with PNs. As shown
in Figure 4A, genes in the upper tier were successively increased
in the cells in the following order: MEFs; 1-, 3-, 5-, and 7-dpi iNs;
and PNs. Genes in middle tier decreased in the cells in the
following order: MEFs; 1-, 3-, 5-, and 7-dpi iNs; and PNs. Genes
in the lower tier were approximately constant, which indicated
the variation tendency of the reprogramming-related genes.
We observed that 2,628 genes were significantly upregulated
in 7-dpi iNs compared with MEFs (fold change > 2, p < 0.05),
and 3,511 genes were significantly upregulated in PNs com-
paredwithMEFs (fold change > 2, p < 0.05). The 7-dpi iNs shared
1,511 genes with primary neurons (Figure 4B). A scatterplot
analysis was used to show the differences in gene expression
profiles among MEFs, primary neurons, and Tet3 1-, 3-, 5-,
and 7-dpi iNs. The data showed that genes were distributed in
the center between 1-dpi iNs and MEFs, which indicated that
differentially expressed genes were small when MEFs were
induced for only 1 day (Figure 4C). As time went on, genes
were distributed wider and wider, which indicated that the
differentially expressed genes were expanded (Figures 4D–
4G). The genes showed a similar distribution in 7-dpi iNs and
primary neurons (Figure 4H).
Based on the data provided by the gene expression profiles,
we screened neuron-specific genes and fibroblast-specific
genes from the heatmap profiles. The neuron-specific genes
were significantly upregulated in 7-dpi iNs and PNs but
repressed in MEFs. In contrast, fibroblast-specific genes were
upregulated in MEFs and downregulated in 7-dpi iNs and pri-
mary neurons (Figure 4I). The upregulated and downregulated
genes were enriched for a gene ontology (GO) analysis. We
screened the top 20 upregulated or downregulated genes,
ranking them by their enrichment scores to create the GO terms
of the biological process. In Tet3 7-dpi iNs, we observed that
most of the GO terms from the top 20 upregulated genes were
associated with neuronal activity (Figure 4K), which was consis-
tent with the GO terms screened from the primary neurons (Fig-
ure 4J). Meanwhile, the GO terms screened by the top 20 down-
regulated genes in the 7-dpi iNs also conformed to those of
primary neurons (Figures 4J and 4K). Based on the gene expres-
sion profile, Tet3 may function as a pivotal activator of neuronalMEFs (fold change > 2, p < 0.05). In addition, 3,511 genes were significantly upre
shared 1,511 genes with PNs.
(B) Venn diagram representing the degree of overlapping genes and peculiar gen
(C–H) The analysis of the scatterplot. The results show the differences in the genes
showed a centered distribution between 1-dpi iNs and MEFs (C). As time wen
comparing 3- (D), 5- (E), and 7-dpi iNs (F) with MEFs. The genes distribution differe
(H) was also analyzed.
(I) Heat map showing the expression change of neuron-enriched genes and fibro
(J and K) Gene ontology (GO) analysis of the mainly enriched genes in primar
downregulated genes, ranking them by their enrichment scores, to create the GO t
top 20 of the upregulated genes were associated with neuronal activity, which was
the GO terms screened by the top 20 downregulated genes in 7-dpi iNs also con
2332 Cell Reports 17, 2326–2339, November 22, 2016transcriptional programming during the conversion of MEFs to
neurons.
Tet3-Dependent Oxidative Demethylation Activated the
Conversion of MEFs to Neurons
According to the neuron-specific markers, electrophysiological
parameters of functional neurons, and gene expression profiles,
Tet3-induced neurons possessed most properties of primary
neurons. Therefore, we hypothesized that Tet3 might have
rendered MEFs more easily responsive to reprogramming by
regulating global DNA methylation. It is widely acknowledged
that Tet3, as a member of the Tet family, functions as a dioxyge-
nase that can oxidize 5mC to 5hmC (Tahiliani et al., 2009). Thus,
we inferred that epigenetic activation of neuronal genes might
contribute to the direct conversion of fibroblasts to neurons.
We performed immunofluorescent staining of MEFs and
7-dpi iNs for 5mC and 5hmC. We detected 5mC-positive signals
in control cells (i.e., MEFs treated with GFP instead of the
Tet3 adenovirus), whereas few 5mC-positive signals were
detected in Tet3-infected cells (Figures 5A and 5B). On the con-
trary, 5hmC-positive signals appeared in 7-dpi iNs, but few
5hmC-positive signals were observed in control cells (Figures
5C and 5D).
Enlightened by this phenomenon, we selected neuron-specific
transcription factors, Ascl1, Brn2, and Ngn2, for the DNA methyl-
ation analysis by bisulfite conversion. Because DNA methylation
primarily centered on the CpG islands of the promoters, we chose
the CpG islands, a region of enriched CpG sites, as a template to
design the primers for nested PCR (Table S4). The samples were
converted by bisulfite and subsequently amplified using nested
PCR. The PCR product was cloned into a pEASY-T1 simple clon-
ing vector (TRANSGEN, CT111) and sequenced. The sequencing
results were illustrated by closed circles representing methylated
CpG sites and open circles representing unmethylatedCpG sites.
For the neuron transcription factor Ascl1, 81% of CpG sites were
methylated in MEFs compared with 24% of methylated sites in
7-dpi iNs and 13% of methylated sites in PNs (Figures 5E and
5F). In Brn2, there were 83% of methylated CpG sites in MEFs
compared with 18% of methylated sites in 7-dpi iNs and 14% in
PNs (Figures 5G and 5H). For Ngn2, 87%ofmethylatedCpG sites
were detected inMEFs comparedwith 18% in 7-dpi iNs and 13%
in PNs (Figures 5I and 5J). Based on these results, we presumed
that the process of reprogramming may involve a transition from
the methylated state to the unmethylated phase. To further verify
the transition of 5mC to 5hmC,we detected the dynamic changesgulated in PNs compared with MEFs (fold change > 2, p < 0.05). The 7-dpi iNs
es among MEFs, primary neurons, and 7-dpi iNs.
expression profiles amongMEFs, primary neurons, and iNs. Initially, the genes
t on, the differentially expressed genes were distributed wider and wider by
nce between primary neuron andMEFs (G) and 7-dpi iNs and primary neurons
blast-enriched genes in primary neurons, Tet3 7-dpi iNs, and MEFs.
y neurons (J) and 7 dpi iNs (K). We screened out the top 20 upregulated or
erms of the biological process. In Tet3 7-dpi iNs, most of the GO terms from the
consistent with the GO terms screened from the primary neurons. Meanwhile,
formed to those of primary neurons.
Figure 5. Dynamic Changes of 5mC and
5hmC in iNs
(A and B) Immunofluorescent staining of 5mC in
MEFs (control) and 7-dpi iNs. 5mC represented
methylation level in the MEFs of CpG sites (A).
5mC-negtive cells showed unmethylated CpG
sites in the iNs of CpG sites (B).
(C and D) Immunofluorescent staining of 5hmC in
iNs and MEFs. 5hmC-negtive cells indicated that
there was rare hydroxymethylation in the MEFs of
CpG sites (C). 5hmC-positive cells suggested an
increased conversion of 5mC to 5hmC in the iNs of
CpG sites (D).
(E, G, and I) CpG dinucleotides of Ascl1 (E), Brn2
(G), and Ngn2 (I) underwent demethylation in pri-
mary neurons and 7-dpi iNs. The number of
methylated CpG dinucleotides in the promoter of
Ascl1, Brn2, and Ngn2 in 7-dpi iNs were more
decreased than in MEFs, which was similar to
PNs.
(F, H, and J) Models of the Ascl1 (F), Brn2 (H),
and Ngn2 (J) promoter regions and statistics for
the methylated and demethylated CpG sites in
PNs, 7-dpi iNs, and MEFs.
(K and L) The dynamic changes of 5mC and 5hmC
during the time course of induction. Denatured
DNA by 2-fold serial dilution was employed to
show the changes of 5mC and 5hmC. The level of
5hmC was gradually increased in the following
order: MEFs and 1-, 3-, 5-, and 7-dpi iN cells (K).
The level of 5mC was to the contrary (L).
All of the experiments were performed with least
three replicates.of 5mC and 5hmCby dot blotting during the time course of induc-
tion. The level of 5hmC was gradually increased over time (Fig-
ure 5K), and the level of 5mCwas gradually decreased (Figure 5L).
These results confirmed that Tet3 converted MEFs to func-
tional neurons, accompanied by conversion from 5mC to
5hmC, in the neuronal culture system.
DNA Modification toward a Neuron-like State Was
Determined by the Conversion of 5mC to 5hmC
Based on the above findings, we explored the dynamic changes
between 5mC and 5hmC during the process of transdifferentia-
tion. We implemented MeDIP-seq and hMeDIP-seq (GSE88869)
from 1-dpi iNs to 7-dpi iNs using MEFs and PNs as negative and
positive controls, respectively, which were used to generate













byCell ReportsFirst, we picked up the differentially
methylated/hydroxymethylated regions
in the promoter. The visualization was
constructed based on the relative hypo/
hypermethylation/hydroxymethylation
levels of each sample compared with
MEFs (Figure 6A).
Then, the relative abundances of 5mC
and 5hmC were summarized at different
regions of the genome (gene body, inter-
genic, and promoter), which were dis-ayed as a distribution of peaks at the relative regions. The
ethylation peaks were significantly higher in MEFs than in iNs
d PNs (approximately a 10-fold change), especially at the pro-
oter regions (Figure 6B). 5hmC alterations were also found in
e promoter regions. At the promoter region, the hydroxymethy-
ion peaks gradually increased in iNs from 3 dpi to 7 dpi, which
s consistent with the trend of PNs (Figure 6C).
To explore 5mC and 5hmC alterations at the transcription start
es (TSSs) (2 kb around the TSS), genes were ordered by the
mC fold changes in PNs versusMEFs. The reads of each sam-
e were used to analyze the changes in 5mC and 5hmC during
e process of transdifferentiation; e.g., Tet3 3-dpi iNs versus
EFs refers to the log ratio of the 5mC/5hmC reads in Tet3
dpi iNs divided by the reads in MEFs. The genes were ranked
the value of the log ratio in 5hmC PNs versus MEFs. A red17, 2326–2339, November 22, 2016 2333
color indicates an increased enrichment tendency, and a blue
color indicates a decreased enrichment tendency. Compared
with the MEFs and PNs, 5mC exhibited a consistent decrease
during the time course of conversion, and 5hmC exhibited an in-
crease compared with controls (Figure 6D). In the 5mC group,
the pattern of gradual color changes indicated that the 5mC level
gradually decreased, and there was a similar pattern in Tet3
7-dpi iNs and PNs. In the 5hmC group, we observed a general
increase in the transdifferentiation process.
To further explore the 5mC/5hmC changes in neuron-related
genes, we filtered the neuron-specific genes among the sam-
ples, and their reads were used to generate another heatmap
illustrating the dynamic changes in the 5mC/5hmC ratio in
neuron-related genes, employing fibroblast-specific genes as a
control. We found that the level of 5mC was lower in iNs and
PNs than in MEFs. However, 5hmC was highly enriched in iNs
and PNs and was focused on neuron-specific genes, indicating
that iNs exhibited similar characteristics as PNs (Figure 6E).
Furthermore, we screened out some classic neuron-specific
genes among the upregulated genes. The heatmap showed
that the expression level of upregulated neuron-specific genes
in 7-dpi iNs was consistent with the trend of the 5hmC expres-
sion level and to the contrary of 5mC (Figures S5A–S5D).
The concerted dynamics of 5mC and 5hmC indicated a con-
version of 5mC to 5hmC mediated by Tet3 during the process
of direct transdifferentiation. The conversion phenomenon of
5mC to 5hmC may contribute to the reprogramming process
of MEFs to neurons.
DISCUSSION
Many methods are emerging that have been reported to convert
somatic cells to terminally differentiated cells (Hu et al., 2015; Li
et al., 2015b; Liu et al., 2013; Nie et al., 2012; Ring et al., 2012;
Vierbuchen et al., 2010; Zhang et al., 2015). It has been widely
acknowledged that transcription factors account for transdiffer-
entiation (Ring et al., 2012; Vierbuchen et al., 2010; Yang et al.,
2014). However, the efficiency needs to be improved, and its in-
fluence on the genome is not well known (Nie et al., 2012). Small-
molecule-driven direct reprogramming (Li et al., 2015b) opens a
new window into modulating transdifferentiation. There are
many roads leading to Rome, but some mutual clues must exist
that indicate the destination is approaching. Mechanisms of
direct conversion have been hypothesized (Wapinski et al.,
2013), but there are few reports that have focused on the role
of epigenetic modification in the process of reprogramming. It
is known that active genes are rich in 5hmC. In the mammalian
genome, the expression of 5hmC in neurons is nearly 10-fold
more copious than in other tissues or embryonic stem cells
(ESCs). Based on previous studies (Li et al., 2015a; Yu et al.,
2015), we proposed that Tet3 plays a vital role during the direct
conversion of fibroblasts to functional neurons.
Real-time qPCR analysis indicated that the Tet3 expression
level is higher in primary neurons and in ABN-induced neurons
than in other members of the Tet family. Based on previous
studies, iNs can be generated by overexpression of some
neuron-specific genes (Colasante et al., 2015; Vierbuchen
et al., 2010) and small molecules (Hu et al., 2015; Ladewig2334 Cell Reports 17, 2326–2339, November 22, 2016et al., 2012; Li et al., 2015b). Another member of the Tet family,
Tet1, combines with Oct4, Sox2, Klf, and c-Myc or replaces
Oct4 and can reprogram somatic cells into iPSCs (Gao et al.,
2013).
Recent studies (Cimmino et al., 2011; Gu et al., 2011; Li et al.,
2015a; Tan and Shi, 2012; Xu et al., 2012; Yu et al., 2015) also
revealed the importance of Tet proteins in the self-renewal of
ESCs and the specification of the inner cell mass (Ito et al.,
2010). A series of studies have reported that the mammalian
brain possesses relatively abundant 5hmC and that the distribu-
tion of 5hmC is correlated with neuron-specific gene expression
in the central nervous system (Tahiliani et al., 2009; Melle´n et al.,
2012). There are also reports suggesting that epigenetic modifi-
cation mediated by 5hmC is critical in neurodevelopment (Szul-
wach et al., 2011). All of these indicate that the generation of
5hmCmay have a pivotal role in neuronal differentiationmodified
by epigenetics (Zhu et al., 2016). Previous researchers have also
found that oxidation of 5mC mediated by Tet3 contributes to
DNA demethylation (Shen et al., 2014). Dynamic changes of
DNA methylation may disturb neuronal function. Remodeling of
DNA methylation-related chromatins may contribute to neural
plasticity (Bagci and Fisher, 2013; Martinowich et al., 2003).
Primary neurons display extensive DNA demethylation (Yu
et al., 2015).
Tet family proteins, well known for their functional roles in DNA
demethylation (Toyoda et al., 2014), have been reported during
gene expression regulation (Gao et al., 2013; Gu et al., 2011;
Yu et al., 2015).
Here, we demonstrated that Tet3 contributes to the direct
conversion of neuronal cells via DNA demethylation and
hydroxylation. We found that Tet3 facilitates the generation of
functional neurons derived from fibroblasts. During induction,
Tet3 promotes the demethylation of the neuronal transcription
pioneer factors Ascl1, Brn2, and Ngn2 via 5mC-to-5hmC trans-
formation. In addition, the results showed a high neuron pro-
duction efficiency when the culture medium was replaced by
neuronalmedium supplementedwith the small molecule Forsko-
lin. Employing the above conditions, we successfully established
a robust and efficient system of neuronal transdifferentiation. We
showed that endogenous neuron-related transcription factors
can be activated via overexpression of Tet3. Under this condi-
tion, somatic cells can be converted into functional neurons.
The neuronal cells induced from fibroblasts expressed pan
neuronal markers, matured neuronal markers, and subtypical
specific markers. We also recorded electrophysiological signals,
including action potentials, sodium and potassium currents,
spontaneous action potentials, and spontaneous postsynaptic
currents, after functional synapses formed.
Using BSP, we detected changes in the methylated dinucleo-
tides of Ascl1, Brn2, and Ngn2 promotors. The proportion of
methylated dinucleotides on the promoter of the three transcrip-
tion factors decreased dramatically, which indicated that Tet3
activated the expression of the related neuron-specific genes.
The genome-wide gene expression profile demonstrated that
the induced neurons expressed multiple similar neuronal
markers as native neurons. The genome-wide analysis of
DNA modifications revealed that DNA demethylation played a
crucial role in direct neuronal conversion. More importantly, the
Figure 6. The DNA Modification Is Dynamic during the Conversion from Fibroblasts to Neurons
(A) Differentially methylated and hydroxymethylated regions in the promoter. Compared with MEFs, the hypermethylation gradually decreased, and the
hypomethylation gradually increased, during the time course of induction. Meanwhile, the hyperhydroxymethylation kept in a high status, and hypo-
hydroxymethylation kept in a low status. 7-dpi iNs exhibited a similar phenotype as PNs.
(B and C) Distribution of methylation/hydroxymethylation peaks in different genomic regions. The distribution of methylation/hydroxymethylation peaks repre-
sents the relative abundance of 5mC (B) and 5hmC (C) in different regions. The promoter regions were defined as 2 kb around the TSS. In the promoter regions,
the methylation peaks in iNs and PNs were less than in MEFs (B). The hydroxymethylation peaks showed a high enrichment in 7-dpi iNs (C).
(D) Comparison of 5mC and 5hmC modification in the region of the TSS during the process of conversion. The reads of each sample were used to analyze the
changes in 5mC and 5hmC during transdifferentiation and were compared among the samples. Tet3 3-dpi iNs versus MEFs was the log ratio of the 5mC/5hmC
reads in Tet3 3-dpi iNs divided by the reads in theMEFs. The genes were ranked by the value of the log ratio of 5hmC in PNs versus MEFs. The color indicates the
dynamic changes in individual genes. Red indicates a trend of increased enrichment, and blue indicates a trend of decreased enrichment between two samples.
(legend continued on next page)
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conversion of 5mC to 5hmC exerts a substantial effect on DNA
demethylation, not only for neuronal genes but also in master
genes of native neurons. The MeDIP-seq and hMeDIP-seq ana-
lyses manifested that dynamic changes between 5mC and
5hmC force transcriptome resetting, thus achieving transdiffer-
entiation. The data showed that the neuron-specific genes dis-
played wide DNA demethylation, which indicated the activation
of relative genes. We also found fibroblast-specific genes in a
hypohydroxymethylation status, which indicated a repression
of relative genes.
Importantly, using the epigenetic factor Tet3 combined with
FSK, we successfully replaced the traditional transcription fac-
tors to realize the direct conversion of fibroblasts to functional
neurons. Moreover, we identified the demethylation roadmap
of transition from 5mC to 5hmC during the process of transdiffer-
entiation. The apparent 5hmC increase was coupled with the
conversion of fibroblasts to neurons. The state maps of the
DNA modifications and transcriptome show an increase in
5hmC along with a decrease in 5mC. The tight correlation be-
tween 5mC and 5hmC may benefit transcriptional transition
during Tet3-mediated direct conversion. The high level of DNA
methylation of neuronal genes in initial cells compared with the
high level of hydroxymethylation in iNs suggests that the
generation of iNs was correlated with the conversion of 5mC to
5hmC. During this process, extensive DNA demethylation was
confirmed. In addition, enrichments of 5hmC were detected in
neuronal differentiation genes and neuron-specific regulatory
regions.
All in all, it may due to the intrinsic properties of Tet3, which
intimately correlate with neuronal development. On the other
hand, demethylation via Tet3 provides abundant 5hmC, which
mainly contributes to the expression of neuron-specific genes.
MEFs treated with Tet3 were cultured in neuronal medium,
which may guide infected cells toward a definitive destiny.
Different culture media probably affect the direction of cell fate,
which may be verified in a different culture system. At least,
our study verifies that Tet3 supplemented with FSK and neuronal
medium contributes to the direct conversion of MEFs to func-
tional neurons.
In summary, our study supports the idea that the DNA hydrox-
ylase Tet3 can facilitate the direct conversion of fibroblasts to
functional neurons. This provides a new insight into somatic
cell transdifferentiation. This system can be used for further
exploration of the relationship between DNA demethylation,




The specific-pathogen-free (SPF) ICR mice were purchased from Vital River
Company and kept in the SPF Laboratory Animal Facility. Tau-GFP transgenic
micewith the background of C57BL/6 were obtained from Jackson Laboratory(E) Expression levels of 5mC and 5hmC in neuron-specific genes and fibroblast-s
their reads were used to generate another heatmap illustrating the dynamic ch
specific genes as a control. The color indicates the expression level of each gene
with MEFs, 5hmC expression in neuron-specific genes in Tet3 3-dpi and 7-dpi iN
and fibroblast-specific genes exhibited a low enrichment (blue). The expression le
2336 Cell Reports 17, 2326–2339, November 22, 2016and kept in the SPF Laboratory Animal Facility. All studies on mice were per-
formed in accordance with standard experimental protocols and approved by
the Animal Care and Use Committees of the Institute of Zoology, Chinese
Academy of Sciences.
Plasmid Construction and Adenovirus Production
Genes were amplified from complementary DNA of mice and subcloned into a
shuttle plasmid (pENTR3C Dual Selection Vector). Then, each was individually
recombined into an adenoviral vector (pAd/CMV/V5-DEST Gateway Vectors,
Invitrogen) by left right recombination (LR) clonase (Invitrogen, 11791-019).
To make the Tet3-expressing cells visible, an internal ribosome entry site
(IRES)-GFP cassette was inserted right after the stop codon of the Tet3
gene in the shuttle plasmid.
Replication-incompetent adenoviruses were produced in 293A cells (Clon-
tech Laboratories). The method of producing the adenoviruses was modified
and performed by referring to the instructions of previous reports (Meng
et al., 2012).
The Tet3 shRNA target sequence was GCTCCAACGAGAAGCTATTTG (Ito
et al., 2010).
Fibroblast Isolation and Culture Procedures
E13.5 ICR or Tau-GFP transgenic mouse embryos were used to isolate pri-
mary MEFs (Jozefczuk et al., 2012). We removed the head, vertebral column,
dorsal root ganglion, and all of the visceral organs, and the remainder of the
embryo was dissected to obtain single cells, which were cultured in fibroblast
medium and incubated at 37C and 5% CO2. MEFs were passaged onto new
dishes when grown to confluence. To maximally avoid contamination of
neural stem cells and other cells, the MEFs were passaged at least twice
before performing the subsequent experiments.
Primary Neuron Isolation and Culture Procedures
The 1-day-old pup brains were collected to isolate the primary neurons (Kaech
and Banker, 2006). The dissociated cells were cultured in neuronal medium
(Table S2). Three days later, arabinoside cytosine (AraC) (final concentration
of 5 mM) was added to exclude non-neuronal cells. The cells were cultured
in neuronal medium until the time of the experiment.
Procedure of Adenovirus Infection
Before the day (day 0) of infection, MEFs were seeded onto Matrigel-coated
cell culture clusters. The next day (day 1), MEFs were infected with adenoviral
supernatants supplemented with 4 mg/ml Polybrene for 8 hr, and then the clus-
ters were refreshed by intermediate medium. On day 2, the same performance
was repeated as that of day 1. On day 3, half of the cell culture medium was
replaced by neuronal medium with 20 mM Forskolin (Sigma-Aldrich, F6886).
On day 5, half of the cell culture medium was refreshed with neuronal medium
and then every other day until the cells were ready for the subsequent
experiments.
Immunofluorescent Staining
Cells were fixed by 4% paraformaldehyde (PFA) for 30 min at room tempera-
ture, washed three times using PBS (cytoplasmic staining) or PBS with
Tween20 (PBST) (nuclear staining), and blocked with blocking solution for
1 hr. The primary and secondary antibodies were diluted in antibody diluent
as shown in Table S1. After blocking, the cells were incubated with primary an-
tibodies overnight at 4C and then secondary antibodies for 1 hr at room tem-
perature. Then, the cells were stained by DAPI for microscopic observation.
Confocal Imaging
All images were captured with a Zeiss 780 laser-scanning confocal
microscope.pecific genes. We filtered the neuron-specific genes among the samples, and
anges in the 5mC/5hmC ratio in neuron-related genes, employing fibroblast-
. Red indicates high expression, and blue indicates low expression. Compared
s (red) was higher than the expression of 5mC (blue). 5hmC expression in glial-
vels of 5mC and 5hmC in 7-dpi iNs were similar to the expression levels in PNs.
Statistics of the Conversion Efficiency
The conversion efficiency of fibroblasts to neurons was counted as the per-
centage of Tuj1-positive cells relative to the original plated cells. The counted
cells were randomly selected from ten visual fields and calculated by classic
neurons visualized by immunofluorescent staining of Tuj1.
Real-Time qPCR Analysis
Total RNAs were obtained from the indicated samples using TRIzol reagent
(Invitrogen, 15596-018), referring to the instruction manual. Then, the total
RNAs were reverse-transcribed to complementary DNA by the FastQuant RT
kit (with genomic deoxyribonuclease [gDNase]) (TIANGEN, KR106-02) following
themanufacturer’s recommendations. Real-timeqPCRwas performed toquan-
tify the mRNA expression level in the indicated samples. Each RNA sample, in
triplicate, was quantified by SuperReal PreMix Plus (SYBR Green) (TIANGEN,
FP205-02) according to the user manual. Signals were visualized by ABI7500
real-time PCR System (Applied Biosystems). Glyceraldehyde-3-phosphate de-
hydrogenase (GAPDH) was employed as an endogenous control. All primers
used were designed by the software or from the relative references, and the se-
quences are listed in Table S3. Fold changes of relative gene expression levels
were computed by the comparative Ct method (fold change = 2DDCt).
Electrophysiology
14-dpi iNs were used to detect the electrophysiological properties. Cells
cultured on Matrigel-coated glass coverslips were subjected to electrophysi-
ological examination. The whole-cell recording was performed in voltage- or
current-clamp mode. The sodium/potassium currents, APs, and spontaneous
synaptic currents were measured by Axopatch 200B or MultiClamp 700A
amplifier (Molecular Devices).
We first filtered the electric signals at 2–10 kHz and digitized them at 20–100
kHz (Digidata 1322A, Molecular Devices). Then, further analysis was per-
formed by pClamp version 9.2 software (Molecular Devices).
To block the APs and spontaneous PSCs, we employed transmitter receptor
blockers, including TTX (100 nM), AP5 (50 mM), 6-cyano-7-nitroquinoxaline-
2,3-dione (CNQX) (10 mM), picrotoxin (PTX) (50 mM), bicuculline (30 mM), and
GABA (10 mM), which were applied to the chamber with bath solution.
Microarray and Analysis
The MEFs, primary neurons, and iNs were prepared in TRIzol reagent (Invitro-
gen, 15596-018) according to the manufacturer’s protocols. A NanoDrop ND-
1000 was used to assess RNA quantity and quality. In the experiment, 1 mg
RNA was used for labeling. The specific activity (picomoles of dyes per micro-
gram of cRNA) of the labeled RNA could be obtained by the following calcula-
tion: specific activity = (picomoles per microliter of dye) / (micrograms per
microliter of cRNA). The yield was > 1.65 mg, and the specific activity was >
9.0 pmol. We employed MEFs as a negative control and primary neurons as
a positive control compared with the Tet3-treated groups. To detect the
gene expression profiling of each sample, an Agilent gene expression array
was employed (KangChen Bio-tech). Sample marking and array hybridization
were performed according to the Agilent Technologies one-color microarray-
based gene expression analysis protocol.
Agilent Feature Extraction software (version 11.0.1.1) was employed to
analyze the acquired array images. The GeneSpring GX v12.1 software pack-
age (Agilent) was used for quantile normalization and to process the subse-
quent data. The raw data were further screened to choose genes with flags
to detect (‘‘All Targets Value’’) at least two of six samples. Fold change filtering
was used to identify the differentially expressed genes between two samples.
Then, R scripts were used to perform the hierarchical clustering. GO analyses
and pathway analyses were employed for the standard enrichment computa-
tion method.
DNA for Methylation Detection by BSP
Genomic DNA was extracted using the TIANamp genomic DNA kit (TIANGEN,
DP304-03) following the standard protocol. The DNA samples were treated
with an EpiTect bisulfite kit (QIAGEN, 59041) according to the manufacturer’s
instructions. The amplification of the gene promoters was performed using
two-round nested PCR with specific primers designed by Primer Premier 5
combined with a Bisulfite Primer Seeker from Zymo Research.The PCR products were depurated via agarose gel electrophoresis (AGE)
and a universal DNA purification kit (DP214-03). Then, the recycled PCR prod-
ucts were cloned into a pEASY-T1 cloning vector (Transgen, CT101) (Haff,
1994; Li and Tollefsbol, 2011). For sequencing, 12–15 clones were selected
randomly for sequencing. All of the primers are listed in Table S4.
Dot Blotting
The genomic DNA was extracted using a TIANamp genomic DNA kit (TIAN-
GEN, DP304-03). The genomic DNA was denatured for 10 min at 99C using
a PCR amplifier. Next, denatured DNA samples of 2-fold serial dilution were
dropped onto a nitrocellulose (NC) membrane and allowed to dry at room tem-
perature (Ko et al., 2010). Then, an oven setting of 80Cwas used to immobilize
the DNA for 1 hr. The NC membrane was blocked by 5% BSA for 1 hr, and the
primary antibodies 5mC and 5hmC were used to hybridize with the NC mem-
brane overnight. On the second day, the ‘‘dots’’ were visualized using IRDye
800CWor 680CW (LI-CORBiosciences) donkey anti-mouse or anti-rabbit sec-
ondary antibodies. A hybridization analysis (UNIT 2.10) was then performed to
quantify the relative abundance of the target sequences.
MeDIP and hMeDIP Sequencing
For the MeDIP and hMeDIP sequencing, a sequencing library was first estab-
lished. The genomic DNA from each sample was sonicated into200- to 900-
base pair (bp) fragments. One microgram of fragmented sample was ligated
with Illumina genomic adapters using a genomic DNA sample kit (FC-102-
1002) according to the user manual. Then, anti-5-methylcytosine antibody or
anti-5-hydroxymethylcytosine antibody (Diagenode) was used to immunopre-
cipitate the 300- to 1,000-bp ligated DNA fragments. PCR was used to
amplify the enriched DNA, and agarose gel was used to purify it. Quality control
(QC) was used to assess the quality of the MeDIP or hMeDIP experiment and
the sequencing library. For cluster generation, each sample was diluted to a
final concentration of 8 pM, and clusters were generated using an Illumina
cBot using the TruSeq Rapid SR cluster kit (GD-402-4001, Illumina).
Sequencing was performed using an Illumina HiSeq 2000 with a TruSeq Rapid
SBS kit (FC-402-4001).
Live Imaging Microscopy
MEFswere plated on 3.5-cmculture dishes (Corning Life Sciences) and infected
with Tet3 for 2 days prior to live imaging microscopy. The time-lapse video was
recorded on an Eclipse Ti model inverted microscope with a 203 objective lens
(numerical aperture, 0.95; Nikon), an Orca ERmodel camera (Hamamatsu), and
a Perfect Focus system at a constant temperature of 37C and 5%CO2. Phase-
contrast live images were recorded every 4 hr for 7 days. To avoid fluorescence
quenching, the fluorescence GFP pictures were acquired at 12, 28, 68, 92, 120,
and 168 hr. Image acquisition was controlled by using Volocity software (Perki-
nElmer) (Gasco´n et al., 2016; Wang et al., 2014).
Statistical Analysis
Statistical analyses between two groups were performed by Student’s t test.
All of the data were mean ± SEM. Probabilities of p < 0.05 were considered
as significant (*p% 0.05, **p% 0.01, and ***p% 0.001).
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